A Sonic Hedgehog–Independent, Retinoid-Activated Pathway of Neurogenesis in the Ventral Spinal Cord  by Pierani, Alessandra et al.
Cell, Vol. 97, 903±915, June 25, 1999, Copyright 1999 by Cell Press
A Sonic Hedgehog±Independent, Retinoid-Activated
Pathway of Neurogenesis in the Ventral Spinal Cord
the epidermal ectoderm and roof plate appear to direct
the differentiation of sensory interneurons (Lee and Jes-
sell, 1999). In contrast, in the ventral spinal cord, Sonic
Alessandra Pierani,* Susan Brenner-Morton,*
Chin Chiang,² and Thomas M. Jessell*³
*Howard Hughes Medical Institute
Department of Biochemistry and Molecular hedgehog (Shh)±mediated signals from the notochord
Biophysics and floor plate appear to specify the pattern of genera-
Columbia University tion of MNs and certain ventral interneurons (Marti et
New York, New York 10032 al., 1995; Roelink et al., 1995; Ericson et al., 1996, 1997a;
²Department of Cell Biology Briscoe et al., 1999). An early response of neural plate
Vanderbilt University Medical Center cells to these opponent inductive signals is the estab-
Nashville, Tennessee 37232 lishment of generic populations of dorsal and ventral
progenitors that differ in their expression of Pax homeo-
box genes (Mansouri et al., 1996). All dorsal progenitors
Summary coexpress Pax3 and Pax7, whereas neither gene is ex-
pressed by ventral progenitors (Goulding et al., 1993;
Sonic hedgehog (Shh) is thought to control the genera- Liem et al., 1995; Ericson et al., 1996). Subsequently,
tion of motor neurons and interneurons in the ventral further distinctions in the profile of transcription factors
CNS. We show here that a Shh-independent pathway expressed by dorsal and ventral progenitors are estab-
of interneuron generation also operates in the ventral lished (Briscoe et al., 1999; Lee and Jessell, 1999).
spinal cord. Evidence for this parallel pathway emerged Shh signaling has been implicated in the generation
from an analysis of the induction of ventral progenitors of neurons that derive from ventral progenitor cells,
that express the Dbx homeodomain proteins and of largely on the basis of ectopic expression studies (Ta-
Evx1/2 (V0) and En1 (V1) neurons. Shh signaling is nabe and Jessell, 1996). However, genetic loss-of-func-
sufficient to induce Dbx cells and V0 and V1 neurons tion studies that support this assumption are limited.
but is not required for their generation in vitro or in Shh mutant mice lack floor plate cells and MNs (Chiang
vivo. Retinoids appear to mediate this parallel path- et al., 1996), thus establishing an essential role for Shh
way. These findings reveal an unanticipated Shh-inde- in the generation of certain ventral neurons. In addition
pendent signaling pathway that controls progenitor to MNs, however, ventral progenitors give rise to four
cell identity and interneuron diversity in the ventral major classes of interneurons that can be defined by
spinal cord. homeodomain protein expression (see Figures 1Q and
1R; Ericson et al., 1996, 1997b; Tanabe and Jessell,
1996; Burrill et al., 1997; Matise and Joyner, 1997;Introduction
Briscoe et al., 1999). V0 and V1 neurons derive from the
dorsal region of the ventral neural tube and expressDuring the early development of the central nervous sys-
Evx1/2 (V0) and En1 (V1), respectively (Ericson et al.,tem (CNS), progenitor cells acquire regionally restricted
1996; Burrill et al., 1997; Matise and Joyner, 1997). Aproperties that impose distinct identities on their neu-
more ventral class of V2 neurons expresses Chx10 (Eric-ronal progeny. The regional character of neural progeni-
son et al., 1997a). Finally, the region between floor platetors appears to be established by secreted inductive
cells and MNs generates V3 neurons, defined by expres-signals that specify the expression of cell-intrinsic de-
sion of Nkx2.2 (Briscoe et al., 1999). The requirementterminants, typically transcription factors (Bang and
for Shh signaling in the generation of these interneuronGoulding, 1996; Lumsden and Krumlauf, 1996). Insight
classes has not been addressed genetically.into the mechanisms by which such signals control cell-
The transcription factors expressed by progenitorintrinsic programs of gene expression and neuronal dif-
cells that specify the identity of these ventral interneu-ferentiation has derived, in part, from studies of the
rons also remain poorly defined. Elimination of Pax6developing spinal cord (Tanabe and Jessell, 1996). Here,
perturbs the differentiation of both V1 interneurons anddistinct classes of neurons derive from progenitors lo-
MNs (Burrill et al., 1997; Ericson et al., 1997a; Osumi etcated at characteristic positions along the dorsoventral
al., 1997), but the broad domain of Pax6 expressionaxis of the neural tube. In general, neurons generated
is suggestive of a more general patterning functionin the dorsal neural tube function in the processing of
(Briscoe et al., 1999). A pair of homeobox genes, Dbx1cutaneous sensory information, whereas ventrally gen-
and Dbx2, are expressed by progenitor cells in a domainerated interneurons and motor neurons (MNs) coordi-
of the ventral spinal cord that appears to overlap thenate motor output.
position of V0 and V1 neuron generation (Rangini et al.,The functional distinction between neurons generated
in the dorsal and ventral spinal cord has its origin in the 1991; Lu et al., 1992, 1994; Shoji et al., 1996), raising
inductive signals that initiate these divergent programs the possibility that they contribute to the generation of
of neurogenesis. Dorsally, BMP-mediated signals from V0 and/or V1 neurons. To test this possibility, we have
examined the control of Dbx expression by neural pro-
genitors and its relationship to the generation of ventral³ To whom correspondence should be addressed (e-mail: tmj1@
columbia.edu). interneurons.
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Figure 1. Dbx1 and Dbx2 Expression and V0
and V1 Neuron Generation
(A±H) Expression of Dbx1 and Dbx2 in embry-
onic chick spinal cord. (A±F) Localization of
Dbx1 or Dbx2 (red) and Pax7 (green) in stage
15±20 spinal cord. At stage 20, Dbx2 is medi-
ally restricted, whereas Dbx1 is also detected
in more lateral cells. (G) Domains of expres-
sion of Dbx1 (red) and Pax6 (green). (H) Heter-
ogeneity of Dbx expression within the Dbx1
domain.
(I±P) Dbx progenitor domains and interneuron
generation at stage 20. (I, J, and N) Evx1/2,
Lim1/2 (V0) neurons are generated at the
same dv position as the ventral domain of
Dbx1 and Dbx2 expression. (K, L, and M) En1,
Lim1/2 (V1) neurons are generated at the
same dv position as ventral progenitors that
express Dbx2 alone. (O) Dbx1 expression
(red) in some Lim1/2 neurons (green). (P) Dor-
sal Evx1/2 neurons (red) do not coexpress
Lim1/2 (green) (stage 28).
(Q) Dbx progenitor domains, defined by dif-
ferential expression of Dbx1, Dbx2, and Pax7.
(R) Position of MN and interneuron generation
in ventral spinal cord. From our data, Ericson
et al. (1997a), and Briscoe et al. (1999).
Results levels of Dbx1 expressed low levels of Dbx2 and vice
versa (Figure 1H; data not shown).
To map Dbx progenitor domains in more detail, weRelationship between Dbx Progenitors
and Interneuron Subtype compared Dbx expression with that of Pax7, a dorsal
progenitor marker (Jostes et al., 1990; Ericson et al.,To define progenitor populations within the intermediate
region of the developing spinal cord, we generated anti- 1996). Between stages 15 and 20, the Pax7 domain
bisected the Dbx1 domain and included the dorsal thirdbodies that react selectively with Dbx1 and Dbx2. In
chick, Dbx1 and Dbx2 were first expressed at approxi- of the Dbx2 domain (Figures 1E and 1F). The expression
of Pax6 included the entire Dbx1 and Dbx2 domainsmately stage 13 at caudal hindbrain and cervical levels,
whereas more caudally, only Dbx1 expression was de- (Figure 1G). Thus, the intermediate region of the spinal
cord can be subdivided into four Dbx progenitor do-tected (data not shown). By stage 15, however, Dbx1
and Dbx2 were expressed along the rostrocaudal axis mains (Figure 1Q): (1) a dorsal (Pax7on), Dbx2on, Dbx1off
domain (that becomes apparent after stage 20); (2) aof the spinal cord (Figures 1A and 1B; data not shown).
From the outset, the expression of Dbx1 and Dbx2 was dorsal (Pax7on), Dbx1on, Dbx2on domain; (3) a ventral
(Pax7off), Dbx1on, Dbx2on domain; and (4) a ventralrestricted to the intermediate region of the neural tube
(Figures 1A±1D), but the domain of expression of Dbx2 (Pax7off), Dbx2on, Dbx1off domain.
We next examined the relationship between ventralextended more ventrally than that of Dbx1 (Figures
1C±1F and 1Q). Within the central domain where both Dbx progenitors and the position of generation of V0
and V1 neurons. At early developmental stages, neuralDbx1 and Dbx2 are expressed, cells that expressed high
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Figure 2. Mesoderm Induction of Dbx Ex-
pression and V0 and V1 Neurons
(A and B) Dbx1 and Dbx2 are not expressed
in [i] explants.
(C and D) Pax6 and Pax7 are expressed by
virtually all cells.
(E±T) Induction of Dbx1, Dbx2, En1, and
vEvx1/2 cells in [i] explants by axial and par-
axial mesoderm. Quail-inducing tissue is de-
tected by QCPN expression (green). Bound-
ary of quail and chick tissue is shown by
dotted lines. (E±H) Induction of Dbx1, Dbx2,
En1, and vEvx1/2 cells at a distance from the
notochord (nc). (I±L) Induction of Dbx1, Dbx2,
En1, and vEvx1/2 cells by presomitic meso-
derm (psm). (M±P) Induction of Dbx1, Dbx2,
En1, and vEvx1/2 cells by somitic mesoderm
(som). (Q±T) No induction of Dbx1, Dbx2, En1,
and vEvx1/2 cells by lateral plate mesoderm
(lpm). Evx1/2 cells detected in (S) do not ex-
press Lim1/2.
(U) Dbx1 and Dbx2 cells, mean 6 SEM; two to
eight sections in each of four to ten explants.
(V) vEvx1/2 (Evx1/2on, Lim1/2on) (black), dEvx1/2
(Evx1/2on, Lim1/2off) (dotted), and En1on, Lim1/2on
(hatched) neurons. Values show mean 6
SEM; n 5 5, n 5 4, and n 5 10 explants.
progenitors migrate and differentiate into neurons in a in neurons for a brief period (Figures 1C, 1D, and 1I±1L;
data not shown). Many neurons that coexpressed Dbx1strict mediolateral progression (Leber and Sanes, 1995).
Ventral (v) Evx1/2 (V0) neurons were generated from and Lim1/2 (Figure 1O) and occasional Dbx1, Evx1/2
neurons (Figures 1I and 1L; data not shown) were de-stages 17±18 and were found initially within the ventral
domain of expression of Dbx1 and Dbx2, although they tected, supporting the idea that Dbx1 progenitors give
rise to V0 neurons. Dbx expression was not detected inlater migrated ventrally (Figures 1I, 1J, and 1N; data not
shown). From stage 21, a more dorsal (d) set of Evx1/2 En1 neurons (Figures 1K and IL; data not shown), possi-
bly because of the relatively late onset of expression ofneurons was detected (Figure 1P). These neurons lack
Lim1/2 expression (Figure 1P) but coexpress LH2A/B En1. Together, these findings suggest that V0 neurons
derive from the ventral domain of Dbx1 and Dbx2 ex-(data not shown) and thus are D1 neurons (Liem et al.,
1997; Lee and Jessell, 1999). En1, Lim1/2 (V1) neurons pression, whereas V1 neurons derive primarily from more
ventral Dbx2on, Dbx1off progenitors (Figures 1Q and 1R).were generated from stage 17 (Ericson et al., 1996; Fig-
ures 1K, 1L, and 1M), and most appeared ventral to
the domain of Dbx1 expression (Figure 1K), within the Dbx Expression and V0 and V1 Neuron Generation
In Vitrodomain of ventral Dbx2on, Dbx1off progenitors (Figure 1L).
The expression of Dbx2 is extinguished as progenitors To address how the induction of Dbx progenitors and
the generation of V0 and V1 neurons is controlled, weleave the cell cycle, whereas Dbx1 expression persists
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with presomitic or somitic mesoderm (Figures 2I, 2J,
2M, 2N, and 2U). In contrast, no Dbx1 or Dbx2 cells
were detected in [i] explants grown with lateral plate
mesoderm (Figure 2Q, 2R, and 2U).
vEvx1/2 and En1 neurons were also induced in [i]
explants grown with notochord, presomitic, and somitic
mesoderm (Figures 2G, 2H, 2K, 2L, 2O, 2P, and 2V). The
somitic mesoderm, however, also induced dEvx1/2 (D1)
neurons (Figure 2V). The lateral plate mesoderm failed
to induce vEvx1/2 or En1 neurons but induced many
dEvx1/2 (D1) neurons (Figures 2S, 2T, and 2V). Since D1
neurons, but not Dbx cells, vEvx1/2, or En1 neurons are
induced by BMPs (see below; Liem et al., 1997; Lee and
Jessell, 1999), the induction of dEvx1/2 neurons may
reflect the expression of BMPs by somitic and lateral
plate mesoderm (Pourquie et al., 1996; Murtaugh et al.,
1999). The ability of mesodermal tissues to induce Dbx
expression therefore parallels their ability to induce V0
and V1 neurons. Neither presomitic nor somitic meso-
derm induced Chx10 V2 neurons, Isl1/2 MNs, or Nkx2.2
V3 neurons (data not shown), although these neuronal
subtypes were induced by the notochord (data not
shown; see Ericson et al., 1996, 1997b; Briscoe et al.
1999).
Shh Signaling Is Sufficient but Not Required
Figure 3. Shh Signaling and the Generation of Dbx Cells and V0 to Induce Dbx Progenitors
and V1 Neurons In Vitro and V0 and V1 Neurons
(A and B) SHH-N (50 pM) induces Dbx cells in [i] explants. Induction The notochord is a source of Shh, and V1 neurons can
of Dbx1 and Dbx2 cells was obtained at the same threshold Shh-N be induced by low Shh concentrations (Ericson et al.,
concentration.
1997a, 1997b). We therefore tested whether Shh can(C and D) Induction of Dbx cells by the notochord is not blocked
also induce Dbx cells and V0 neurons. [i] explants ex-by anti-Shh IgG. Quail notochord is shown in green. Dbx cells are
posed to Shh-N (50±400 pM) generated Dbx1 and Dbx2found close to the notochord.
(E) Dbx induction by the notochord (nc) 1/2 anti-Shh IgG (a-SHH), cells and vEvx1/2 and En1 neurons (Figures 3A, 3B,
mean 6 SEM, n 5 4±8 sections. and 3F; data not shown). To test whether the inductive
(F) vEvx1/2 (V0, black) and En1 (V1, hatched) neuron induction by activity of the notochord requires Shh signaling, we grew
Shh-N (50 pM) and the notochord (nc) 1/2 anti-Shh IgG (a-SHH), [i] explant±notochord conjugates with anti-Shh IgG (Er-
mean 6 SEM, n 5 4±8 explants.
icson et al., 1996). The number of Dbx1 cells was not(G) Dbx1 and Dbx2 induction by somite (som) 1/2 anti-Shh IgG
decreased, and there was only an z30% reduction in(a-SHH), mean 6 SEM, n 5 4±8 sections.
Dbx2 cells (Figures 3C±3E). The number of vEvx1/2 and(H) vEvx1/2 (V0 neuron, black) and En1 (V1 neuron, hatched) neuron
induction by somite (som) 1/2 anti-Shh IgG (a-SHH), mean 6 SEM, En1 neurons induced by the notochord in the presence
n 5 4±8 explants. of anti-Shh IgG was reduced, but by only z50% (Figure
3F). At this concentration of anti-Shh IgG, the generation
of V2 and V3 neurons and MNs was blocked completely
monitored cell differentiation in intermediate [i] regions (data not shown; Ericson et al., 1996, 1997a; Briscoe et
of the neural plate (Yamada et al., 1993). In [i] explants al., 1999). These results raise the possibility that a Shh-
grown for 20±24 hr, very few cells expressed Dbx1 or independent signal from the notochord can induce Dbx
Dbx2 (Figures 2A, 2B, and 2U), whereas virtually all ex- progenitors and generate V0 and V1 neurons.
pressed Pax6 and Pax7 (Figures 2C and 2D). Similarly, Shh is not expressed by paraxial mesoderm (Echelard
no vEvx1/2 or En1 neurons were present in [i] explants et al., 1993; Riddle et al., 1993), suggesting that the
grown alone (data not shown). In contrast, the intermedi- induction of Dbx cells and V0 and V1 neurons by the
ate region of the neural tube generated Dbx1 and Dbx2 paraxial mesoderm may also be mediated by a factor
cells and V0 and V1 neurons (data not shown). Thus, other than Shh. However, the diffusion of Shh from the
Dbx expression and V0 and V1 neurons are specified node or notochord into segmental plate or somitic tissue
around the time of neural tube closure. and its secondary release from these tissues could pro-
To define the source of signals that participate in the vide an alternative explanation for their inductive activ-
induction of these cell types, we tested flanking meso- ity. We therefore examined whether the inductive activity
dermal tissues for inductive activity. To distinguish in- of the segmental plate and somitic mesoderm is inhib-
ductive and responsive tissues, chick [i] explants were ited by anti-Shh IgG. The number of induced Dbx1 cells
grown together with candidate-inducing tissues from was not reduced, but there was an z40% reduction in
quail embryos. Coculture of notochord and [i] explants Dbx2 cells (Figure 3G; data not shown). Similarly, the
induced Dbx1 and Dbx2 cells, but only in regions distant number of induced vEvx1/2 neurons was not reduced
from the notochord (Figures 2E, 2F, and 2U). Many Dbx1 (Figure 3H; data not shown), but there was an z30%
reduction of En1 neurons (Figure 3H). The secondaryand Dbx2 cells were also induced in [i] explants grown
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Figure 4. Generation of Dbx Progenitors and Evx1/2 (V0) and En1 (V1) Neurons in Shh2/2 Embryos
(A±D) Dbx1 and Dbx2 expression in E10.5 Shh2/2 mice. In contrast to wild-type embryos (A and B), in Shh2/2 embryos (C and D) expression
of both genes is restricted to the ventral midline of the spinal cord. Dbx1 and Dbx2 expression was also detected at caudal hindbrain levels
at E9.5 (not shown).
(E±L) Localization of Dbx1, Pax7, En1, and Evx1/2 in E10.5 wild-type (E±H) and Shh2/2 (I±L) embryos. (E and I) Pax7 expression in wild-type
and Shh2/2 embryos. Ventral midline progenitors express low or negligible Pax7 levels. (F and J) Dbx1 expression (red) and En1 neurons
(green) in Shh2/2 embryos. In Shh2/2 mutants, the number of En1 neurons was lower than the number of Evx1/2 neurons. (G and K) Dbx1
expression (red) and Evx1/2 neurons (green) in Shh2/2 embryos. (H and L) Evx1/2 neurons in Shh2/2 embryos coexpress Lim1/2.
Scale bar, 40 mm.
release of Shh from the paraxial mesoderm could there- all-trans retinoic acid (RA) (10±100 nM) induced Dbx1
and Dbx2 cells in approximately equal numbers (Figuresfore have a minor role in the induction of Dbx2 progeni-
5A, 5B, 5G±5I; data not shown). Similarly, RA treatmenttors and En1 neurons. Nevertheless, these results leave
of [i] explants induced many vEvx1/2 neurons (Figuresopen the possibility that a major component of the in-
5C and 5J). RA also induced En1 neurons, but in num-ductive activity of the paraxial mesoderm, as well as of
bers lower than those obtained for Evx1/2 neurons (Fig-the notochord, is mediated by a factor other than Shh.
ures 5D and 5J). Thus, RA can induce Dbx progenitorsAlternatively, anti-Shh IgG may simply be ineffective in
and V0 and V1 neurons, albeit at differing efficiencies.reducing Shh signaling to a level below that sufficient
Neural tube cells themselves possess enzymatic ac-for the induction of Dbx progenitors and V0 and V1
tivities that can generate retinoids (Maden et al., 1998;neurons.
Solomin et al., 1998). Our in vitro assays of neural cellTo distinguish between these possibilities, we ana-
differentiation, however, were performed in a mediumlyzed the spinal cord of Shh mutant mice. At E9.5±E10.5,
that lacks retinol (Rol) or other RA precursors. It seemedDbx1 and Dbx2 expression was detected in the neural
possible, therefore, that neural cells normally synthesizetube of Shh mutant embryos (Figures 4C and 4D; data
retinoids and participate in the induction of Dbx expres-not shown). However, in Shh mutants, both genes were
sion. To test this, we examined whether the addition ofexpressed by cells at the ventral midline, rather than
Rol (1 mM) to [i] explants induced Dbx cells and gener-in the intermediate region (Figures 4A±4D; data not
ated V0 or V1 neurons. Rol mimicked the action of RA,shown). Progenitors within this ventral region of Dbx
inducing both Dbx1 and Dbx2 cells, many vEvx1/2 neu-expression expressed low or negligible levels of Pax7
rons, and few En1 neurons (Figure 5L, data not shown).
(Figure 4I; data not shown). At E10.5, many vEvx1/2 and
Thus, the synthesis of retinoids by neural cells may also
En1 neurons were detected at the ventral midline of the participate in the induction of Dbx expression and V0
spinal cord of Shh mutant embryos (Figures 4J±4L). In and V1 neurons.
contrast, floor plate cells, MNs, and V2 and V3 neurons The extinction of Pax3 and Pax7 expression from neu-
were absent (data not shown; see also Chiang et al., ral cells appears to be a prerequisite for the generation
1996). These results confirm the existence of a Shh- of ventral neurons (Ericson et al., 1996; Tremblay et al.,
independent signaling pathway and suggest that this 1996; Mansouri and Gruss, 1998), prompting us to test
parallel pathway is involved selectively in the induction whether retinoids, like Shh (data not shown; Ericson et
of Dbx progenitors and V0 and V1 neurons. al., 1996), repress Pax7 expression. All cells in [i] ex-
plants grown alone expressed Pax7 (Figure 2D), but in
Retinoids Induce Dbx Progenitors and V0 the presence of RA (100 nM) or Rol (1 mM), z50% of
and V1 Neurons cells lacked Pax7 expression (Figures 5E, 5G, and 5H;
Retinoids are expressed at high levels by caudal paraxial data not shown). In the presence of RA or Rol, z30%±
mesoderm (Maden et al., 1998; Swindell et al., submit- 40% of Dbx1 cells, but only z15% of Dbx2 cells, lacked
ted) and also by notochord precursors (Hogan et al., Pax7 expression (Figures 5G, 5H, 5K, and 5L). In contrast
1992; Wagner et al., 1992). We therefore tested whether to the actions of Shh, however, RA or Rol did not repress
retinoids might mediate this Shh-independent signaling Pax6 expression (Figure 5F). These results show that
retinoids, like Shh, can induce ventral Dbx progenitors.pathway. Incubation of [i] explants in the presence of
Cell
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Figure 5. Retinoids Induce Dbx Expression and V0 and V1 Neurons
(A and B) Induction of Dbx1 (A) and Dbx2 (B) expression by RA (100 nM). Similar results were obtained with Rol (1 mM). Induction of Dbx1
and Dbx2 expression was obtained at the same threshold concentration of RA (z5 nM, not shown).
(C and D) Generation of Evx1/2, Lim1/2 neurons (C) and En1 neurons (D) by RA (100 nM).
(E) Absence of Pax7 expression from many cells in [i] explants incubated with RA (100 nM).
(F) Expression of Pax6 in [i] explants incubated with RA (100 nM).
(G) Many Dbx1 cells lack Pax7 expression in [i] explants incubated with RA (100 nM).
(H) A smaller fraction of Dbx2 cells lack Pax7 expression in [i] explants incubated with RA (100 nM).
(I) Induction of Dbx1 and Dbx2 cells by RA (100 nM).
(J) Induction of En1 and vEvx1/2 neurons by RA (100 nM). En1 (hatched) and vEvx1/2 (black) neurons/explant, mean 6 SEM, n 5 7±10 explants.
(K and L) Fraction of Pax7off Dbx cells in [i] explants incubated with RA (100 nM) (K) or Rol (1 mM) (L). Dbx1 (gray), Dbx2 (white), and Dbxon,
Pax7off (cross-hatched) cells per section. Values in (I), (K), and (L) show mean 6 SEM, n 5 4±10 sections.
Actions of Retinoid Receptor Antagonists Shh-independent signaling activity of the notochord. In
[i] explant±notochord conjugates grown in the presenceon the Generation of Dbx Progenitors
and V0 and V1 Neurons of retinoid receptor antagonists, there was no decrease
in the number of Dbx1on, Pax7off or Dbx2on, Pax7off cellsWe next examined whether the Shh-independent induc-
tive activity detected in mesodermal tissues is mediated (Figures 6C and 6G). Similarly, there was no inhibition
in the generation of En1 neurons (Figure 6H). Theseby retinoids. Conjugates of [i] explants with notochord,
presomitic, or somitic mesoderm were grown without findings are likely to reflect the operation of the parallel,
Shh-mediated signaling pathway. However, the numberRol, to exclude the synthesis of retinoids by neural cells,
but in the presence of retinoic acid receptor and reti- of vEvx1/2 neurons induced by the notochord was re-
duced by z90%, despite the persistence of Dbxon,noid X receptor antagonists (Sockanathan and Jessell,
1998). In [i] explant conjugates with presomitic or somitic Pax7off progenitors (Figure 6D). One possible explana-
tion for this finding is that the generation of V0 neuronsmesoderm, there was a 75%±80% decrease in the num-
ber of Dbx1on, Pax7off cells (Figure 6A; data not shown) requires retinoid receptor activation at a step down-
stream of the induction of ventral Dbx progenitors.and a similar decrease in the generation of vEvx1/2 neu-
rons (Figure 6B). There was a virtually complete block Since blockade of Shh and retinoid signaling individu-
ally had only a modest effect on the induction of Dbxin the generation of Dbx2on, Pax7off cells (Figure 6E) and
En1 neurons (Figure 6F). These results support the idea cells and V1 neurons by the notochord, we tested
whether retinoid- and Shh-mediated signals act in athat a major component of the inductive activity of par-
axial mesoderm is mediated by retinoids. redundant manner. The generation of Dbx2on, Pax7off and
En1 neurons in [i] explant±notochord conjugates wasWe next examined whether retinoids contribute to the
Parallel RA and Shh Signals in Ventral Patterning
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Figure 6. Effect of Retinoid Receptor Antagonists on Mesodermal Induction of Dbx Cells and V0 and V1 Neurons
(A) Effect of retinoid receptor antagonists (aRR) on the generation of Dbx1on, Pax7off (gray) cells in somite±[i] explant conjugates.
(B) Effect of aRR on generation of Evx1/2 neurons (black) in somite±[i] explant conjugates.
(C) Effect of aRR1/2 anti-Shh IgG on generation of Dbx1on, Pax7off (gray) cells in notochord (nc)±[i] explant conjugates.
(D) Effect of aRR and anti-Shh IgG on generation of Evx1/2 neurons (black) in nc±[i] explant conjugates.
(E) Effect of aRR on generation of Dbx2on, Pax7off (white) progenitors in somite±[i] explant conjugates.
(F) Effect of aRR on generation of En1 neurons (hatched bar) in somite±[i] explant conjugates.
(G) Effect of aRR and anti-Shh IgG on generation of Dbx2on, Pax7off (white) cells in nc±[i] explant conjugates.
(H) Effect of aRR and anti-Shh IgG on generation of En1 neurons (hatched bar) in nc±[i] explant conjugates. Values in (A) to (H) are mean 6
SEM; n 5 4±14.
(I) Effect of aRR on the Shh-N (50 pM) induced generation of Dbx1 (gray) and Dbx2 (white) cells in [i] explants.
(J) Lack of Shh expression in [i] explants exposed to Rol (1 mM). S17 was used as control.
(K) Effect of aRR on Shh-N (50 pM) induction of Dbx1on, Pax7off (gray) and Dbx2on, Pax7off (white) cells in [i] explants.
(L) Effect of aRR on Shh-N (50 pM) induction of Evx1/2 (black) and En1 (hatched) neurons. The reduction in En1 neurons may result from a
change in cell proliferation or toxicity of aRR after 48 hr (our unpublished data). Values in (I), (K), and (L) are mean 6 SEM; n 5 6±12.
virtually completely blocked by the joint addition of reti- and Dbx2 cells was not inhibited by addition of retinoid
receptor antagonists (Figure 6I). Conversely, we foundnoid receptor antagonists and anti-Shh IgG (Figures 6G
and 6H). This result supports the idea that parallel Shh that [i] explants exposed to retinoids did not express
Shh (Figure 6J). Together, these results support the ideaand retinoid signaling pathways from the notochord can
promote the generation of Dbx2 progenitors and V1 neu- that Shh and retinoids induce Dbx progenitors through
independent pathways. We also examined whether therons. In contrast, the generation of Dbx1on, Pax7off cells
was unaffected by the combined presence of retinoid generation of V0 or V1 neurons in response to Shh signal-
ing depends on retinoid receptor activation. The Shh-receptor antagonists and anti-Shh IgG (Figure 6C). This
result could reflect the sensitivity of Dbx1 induction to mediated induction of Dbx1on, Pax7off and Dbx2on, Pax7off
progenitors was not blocked by retinoid receptor antag-low levels of retinoid receptor activation that persist in
the presence of these antagonists or the existence of onists (Figure 6K). In contrast, the induction of vEvx1/2
neurons by Shh-N was almost completely blocked (Fig-an additional notochord-derived signal.
These findings prompted us to examine whether Shh ure 6L), consistent with the idea that the generation of
V0 neurons requires retinoid receptor activation at aand retinoids induce Dbx cells through related or inde-
pendent pathways. The Shh-mediated induction of Dbx1 step independent of the establishment of a ventral Dbx
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progenitor state. Many En1 neurons were generated in
[i] explants exposed to Shh in the presence of retinoid
receptor antagonists (Figure 6L), although their number
was z40% lower than that obtained in control explants.
High Levels of BMP and Shh Signaling
Prevent Dbx Expression
The redundant inductive activities of retinoids and Shh
leave open the issue of how Dbx expression is restricted
to the intermediate region of the spinal cord.
We reasoned that the exclusion of Dbx1 and Dbx2
expression from cells in more ventral regions might re-
flect their exposure to higher concentrations of Shh. To
test this, neural tissue was grown under three conditions
that promote the expression of Dbx cells: (1) [i] explant±
somite conjugates; (2) [i] explant treated with Rol; and (3)
intermediate neural tube explants grown alone. Neural
tissue grown under these conditions in the presence of
5 nM Shh-N generated markedly reduced numbers of
Dbx1 and Dbx2 cells (Figures 7A±7C). In contrast, at 1
nM, Shh-N almost completely repressed Dbx1 expression
in [i] explant±somite conjugates but produced only a
30% inhibition of Dbx2 expression (Figure 7A). The abil-
ity of high Shh concentrations to repress Dbx expression
is likely to underlie the spatial restriction in Dbx cells in
[i] explant±notochord conjugates (Figures 2E and 2F).
Conversely, we examined whether the absence of Dbx
expression from dorsal regions of the spinal cord might
result from exposure to BMPs provided by cells at the
dorsal midline of the neural tube (Lee and Jessell, 1999).
In each of these assays, the expression of Dbx1 and
Dbx2 was repressed by BMP7 (Figures 7A±7C; similar
Figure 7. High-Level Shh and BMP Signaling Represses Dbx Ex-
results were obtained using BMP4, data not shown). pression
The concentration of BMP7 sufficient to repress Dbx1 (A) Effect of high-level Shh and BMP signaling on Dbx1 (gray) and
and Dbx2 expression was .10-fold lower than that re- Dbx2 (white) expression in [i] explants grown with somitic meso-
quired to induce neural crest cells (Liem et al., 1995, derm. Explants were incubated with 1 or 5 nM Shh-N and 0.04 or
0.2 ml of BMP7 supernatant (Liem et al., 1997). Dbx1 and Dbx2 cells/1997). In addition, the concentration of BMP7 required
section, mean 6 SEM, 7±15 sections.to suppress Dbx1 expression was lower than that re-
(B) Effect of high-level Shh and BMP on Dbx1 (gray) and Dbx2 (white)quired for suppression of Dbx2 expression (Figure 7A;
expression in [i] neural tube explants grown alone.
data not shown). Together, these results suggest that (C) Effect of high-level Shh and BMP signaling on Dbx1 (gray) and
high levels of Shh signaling ventrally and of BMP signal- Dbx2 (white) expression in [i] explants grown with Rol (1 mM).
ing dorsally restrict Dbx1 and Dbx2 expression to the (D and E) BMP4 and Dsl1 expression is repressed by Shh-N (400
pM) but not by somites (D) or Rol (E). Expression of BMP4, Dsl1,intermediate region of the neural tube and define the
and S17 assayed by RT-PCR.distinct dorsoventral boundaries of Dbx1 and Dbx2 ex-
pression.
Both BMP4 and Dsl1 are expressed in [i] explants
distinction in the actions of retinoids and Shh on neuralgrown alone, suggesting that BMP signaling occurs in
plate cells and leave open the possibility that Shh in-these explants (Liem et al., 1995, 1997). The potent re-
duces Dbx expression through a derepression mech-pressive activity of BMPs on Dbx protein expression
anism.thus raised the additional possibility that low concentra-
tions of Shh and/or retinoids induce Dbx1 and Dbx2 by
repressing BMP expression. To test this, we analyzed Linkage of Dbx1 to V0 Neuron and Dbx2
to V1 Neuron Generationthe expression of BMP4 and Dsl1 in [i] explants grown
with either somitic mesoderm, with Rol (1 mM), or with To address whether Dbx1 and Dbx2 can be linked to
the generation of V0 or V1 neurons, we first made use0.4 nM Shh-N. No change in the expression of BMP4 or
Dsl1 was detected in [i] explants grown with somitic of the finding that Dbx1 expression is repressed almost
completely by concentrations of Shh-N that permit Dbx2mesoderm or Rol (Figures 7D and 7E), arguing against
the idea that retinoids induce Dbx expression by re- expression. We examined whether the elimination of
Dbx1 expression differentially influences the generationpressing BMP expression and signaling. In contrast, a
marked repression of BMP4 and Dsl1 expression was of V0 and V1 neurons. In [i] explant±somite conjugates
grown in the presence of Shh (1 nM), the number ofdetected in [i] explants cultured in 0.4 nM Shh-N (Figure
7D; Liem et al., 1995). These findings reveal an additional Dbx1on, Pax7off cells was reduced by z95% and the
Parallel RA and Shh Signals in Ventral Patterning
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Figure 8. Linkage of Dbx1 with V0 Neuron and Dbx2 with V1 Neuron Generation
(A and B) Few Dbx1 cells (A) or Evx1/2, Lim1/2 neurons (B) are induced in [i] explants grown with somite (QCPN labeled, green in [A]) and 1
nM Shh-N.
(C and D) Many Dbx2 cells (C) and En1 neurons (D) are induced in [i] explants grown with somite (QCPN labeled, green in [C]) and 1 nM
Shh-N.
(E and F) Induction of ventral (Pax7off) Dbx1 cells (E) and Evx1/2 (V0) neurons (F) in [i] explants grown with somite and 1 nM Shh-N.
(G and H) Induction of ventral (Pax7off) Dbx2 cells (G) and En1 (V1) neurons (H) in [i] explants grown with somite and 1 nM Shh-N. Values in
(E) to (H) show mean 6 SEM; n 5 4±8; Dbx cells/section, En1, Evx1/2 neurons/explant.
(I±L) Differential regulation of Dbx1 and Dbx2 expression in Pax6 mutant mice. Expression of Dbx1 and Dbx2 in E11.5 1/1 (I and J) and Sey/
Sey (K and L) embryos.
(M) Model of parallel inductive activities of low-level Shh signaling and retinoid activity on Dbx expression and the generation of V0 and V1
neurons. The negative link between Dbx2 and the Shh/retinoid±induced repression of Pax7 reflects the comparatively low number of Dbx2,
Pax7off progenitors generated by these factors. This feedback loop may limit the induction of V1 neurons by retinoids. The generation of V0
neurons appears also to depend on a second phase of retinoid receptor activation, independent of the generation of a ventral Dbx progenitor
state. Cell cycle exit indicated by dashed line.
(N) The influence of high-level Shh signaling on Dbx1, Dbx2, and Pax7 expression.
(O) The influence of BMP signaling on Dbx1, Dbx2, and Pax7 expression. Data on Pax7 expression from Ericson et al. (1996) and data not
shown.
(P) Predicted patterns of Dbx1 and Dbx2 expression under different signaling conditions: (i) retinoid (RA) signaling alone; (ii) joint RA and BMP
signaling; (iii) joint RA and graded Shh signaling; and (iv) convergent RA, graded Shh, and BMP signaling. This latter situation appears to
operate normally within the neural tube and results in a central domain in which progenitor cells express Dbx1 and/or Dbx2 (green) and more
dorsal and ventral domains that express Dbx2 alone (yellow). Within the central domain, cross-regulatory interactions between Dbx2 and
Dbx1 may result in the predominant expression of one or another Dbx protein. For details, see text.
generation of vEvx1/2 neurons by z90% (Figures 8A, In Pax6 mutant mice, the generation of V1 neurons is
abolished but V0 neurons persist (Burrill et al., 1997;8B, 8E, and 8F). In contrast, the generation of Dbx2on,
Pax7off cells increased z4-fold and the number of En1 Ericson et al., 1997a). This observation prompted us to
examine whether there is a corresponding change in theneurons z3-fold (Figures 8C, 8D, 8G, and 8H). These
results effectively dissociate Dbx1 expression from, and pattern of Dbx1 and Dbx2 expression. Dbx1 expression
persisted at high levels in Pax6 mutant mice (Figures 8Ifurther link Dbx2 expression to, V1 neuron formation.
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and 8K). In addition, the domain of expression of Dbx1 Shh signaling and its consequent effects on Dbx expres-
sion. In this view, the key step in establishing a domainexpanded ventrally into a region characteristic of the
of neurogenesis that depends exclusively on Shh signal-normal position of the ventral-most Dbx2 cells (Figure
ing is the high level of Shh signaling activity that operates8K). In contrast, the level of Dbx2 expression was drasti-
in more ventral regions of the neural tube and is sufficientcally reduced in Pax6 mutants, and the dorsoventral
to repress Dbx expression despite ongoing retinoid sig-extent of the Dbx2 expression domain contracted and
naling (Figure 8P). In a similar manner, the dominantwas subsumed within the domain of Dbx1 expression
inhibitory action of BMPs may underlie the exclusion of(Figures 8J and 8L). These results reveal a divergence
Dbx expression from dorsal extremes of the neural tube,in the regulation of Dbx1 and Dbx2 expression by Pax6.
despite exposure of these cells to retinoid signals. TheThe maintenance of Dbx1 expression is accompanied
enhanced sensitivity of Dbx1 to repression by Shh andby the persistence of V0 neurons, and the decrease in
BMPs may underlie the establishment of the distinctDbx2 expression parallels the loss of V1 neurons.
boundaries of expression of Dbx1 and Dbx2 within the
neural tube.Discussion
In the caudal neural tube, Shh and BMP signals origi-
nate from midline cell groups, the floor plate, and roofThe present findings provide evidence for the existence
plate, respectively. The origins of retinoid signaling,of a Shh-independent, retinoid-activated signaling path-
however, appear to be less localized. Several lines ofway that participates in the generation of ventral in-
evidence suggest that the paraxial mesoderm is theterneurons in the developing spinal cord. This parallel
predominant source of retinoid synthesis at the neuralpathway is reflected in the expression of the Dbx homeo-
tube stage. The paraxial mesoderm, but not the neuraldomain proteins. We discuss these findings in the con-
tube, expresses high levels of retinaldehyde dehydroge-text of current views on the control of progenitor cell
nase 2 (Raldh2) (Niederreither et al., 1997; Swindell etidentity and neuronal fate in the ventral neural tube.
al., submitted), an enzyme that serves as a major route of
retinoid synthesis (Niederreither et al., 1999). Moreover,Coordinate Inductive Signaling Pathways Control
other in vitro studies have revealed the paraxial meso-the Generation and Position of Dbx Progenitors
derm to be a source of retinoids (Itasaki et al., 1996;The intermediate region of the spinal cord contains four
Maden et al., 1998; Muhr et al., submitted; Swindell etdistinct Dbx progenitor populations, two of dorsal
al., submitted). Our results, nevertheless, leave open the(Pax7on) and two of ventral (Pax7off) character. The induc-
possibility that neural tube cells also contribute, via ation and patterning of these progenitor populations can
Raldh2-independent pathway, to the synthesis of reti-best be explained by the coordinate actions of three
noids that participate in the induction of Dbx expression.distinct signaling pathways, mediated by retinoids, Shh,
However, cells located at different dorsoventral posi-and BMPs.
tions in the neural tube vary only slightly in their capacityThe induction of Dbx1 and Dbx2 expression in ventral
to synthesize and respond to retinoids (Rossant et al.,progenitors appears to be achieved by two parallel path-
1991; Wagner et al., 1992). Thus, retinoid signaling from
ways, one mediated by low levels of Shh signaling and
mesodermal or neural sources is unlikely to contribute
the other by retinoids (Figure 8M). The extinction of Pax3
to the spatial restriction in Dbx expression along the
and Pax7 expression from neural progenitor cells is an dorsoventral axis of the neural tube. The rostrocaudal
early step in the generation of a ventral progenitor cell extent of the neural tube over which Shh-independent
state (Liem et al., 1995; Tremblay et al., 1996; Ericson retinoid signaling operates may, however, be con-
et al., 1997a; Mansouri and Gruss, 1998). Both retinoids strained by the caudal origin of retinoids.
and Shh can repress Pax7 expression and generate a Our findings add to the evidence that signals from
generic ventral progenitor state. Since Shh signaling is paraxial mesoderm have a role in controlling the pattern
not required for the generation of ventral Dbx progeni- of neurogenesis at caudal levels of the neural tube. Reti-
tors, it is likely that retinoids and Shh have overlapping noids provided by newly formed paraxial mesoderm act
or redundant functions in this process. Dbx1 and Dbx2 at earlier stages, in concert with a distinct caudalizing
are also expressed by dorsal (Pax7on) progenitors, cells activity, to induce spinal cord character in neural plate
that are not thought to receive Shh signals at these cells (Muhr et al., 1997, submitted). At neural tube
developmental stages (Ericson et al., 1997b). The estab- stages, retinoids provided by the paraxial mesoderm
lishment of the dorsal domains of Dbx expression could, have been shown to control Hox gene expression in the
in principle, reflect a long-range influence of Shh signal- hindbrain (Itasaki et al., 1996; Grapin-Botton et al., 1997;
ing at low activity levels. However, the threshold Shh-N Gould et al., 1998). Signals from the presomitic meso-
concentration sufficient to induce Dbx1 and Dbx2 is derm have also been suggested to control the onset of
similar to that required to repress Pax7 (data not shown; Pax6 expression within the neural tube (Pituello et al.,
Ericson et al., 1996). Thus, the induction of dorsal Dbx1 1999). Our data suggest that the induction of Pax6 ex-
and Dbx2 progenitors may normally be achieved by reti- pression is independent of retinoid signaling and thus
noid signaling. may be mediated by a distinct factor.
The spatial restriction in the pattern of Dbx expression
appears to be controlled by two repressive pathways, Linking Dbx Progenitor Domains and Interneuron
mediated by high-level Shh signaling and BMPs (Figures Subtype Identity
8N and 8O). Importantly, the domain of the ventral neural Our studies have not examined the function of the Dbx
tube within which parallel Shh and retinoid signaling can genes directly. Nevertheless, two sets of findings sug-
gest that differential Dbx expression is a determinant ofoperate is likely to be defined by the graded nature of
Parallel RA and Shh Signals in Ventral Patterning
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ventral interneuron identity and, specifically, that Dbx1 step. Retinoid receptor antagonists block the generation
of V0 neurons in response to notochord signals and Shhexpression biases ventral progenitors toward a V0 neu-
ron fate, whereas Dbx2 expression alone promotes V1 under conditions in which ventral Dbx1 progenitors are
still generated. Thus, retinoid receptor activation mayneuron fate. The first line of evidence comes from the
observation that Dbx1 expression can be virtually com- also be required for the conversion of ventral Dbx1 pro-
genitor cells into V0 neurons.pletely inhibited while maintaining Dbx2 expression. Un-
der these conditions, the generation of V0 neurons is The existence of a retinoid-sensitive step in the Shh-
mediated induction of V0 neurons is notable, since inalmost completely blocked, whereas the generation of
V1 neurons is enhanced. A second line of support for this condition, neural cells are not provided with an ex-
ogenous source of active retinoids or their precursors.this link comes from an analysis in Pax6 mutant mice
of the relationship between the level and pattern of Dbx Isolated neural plate tissue could contain or synthesize
low levels of retinoids, achieving a concentration suffi-gene expression and resultant neuronal fates. In Pax6
mutants, the level of Dbx2 expression is greatly reduced, cient to promote the conversion of Dbx1 progenitors into
V0 neurons but below the threshold for Dbx expression.and residual expression is confined within the domain of
Dbx1 expression, such that many or all Dbx2 progenitors Alternatively, retinoid receptors may operate in a ligand-
independent manner in the pathway of V0 neuron gener-are likely to coexpress Dbx1. This change in Dbx expres-
sion pattern is accompanied by the loss of V1 neurons, ation, perhaps through the formation of heterodimers
with other nuclear hormone receptors or through thebut V0 neurons persist (Burrill et al., 1997; Ericson et
al., 1997a). recruitment of coactivators (Weigel and Zhang, 1998).
In conclusion, our studies reveal the existence of aBased on these findings, we favor the idea that the
expression of Dbx2 in the absence of Dbx1 directs the Shh-independent and retinoid-activated pathway of
neuronal generation in the ventral spinal cord and hind-generation of V1 neurons. In progenitors that coexpress
Dbx1 and Dbx2, the actions of Dbx1 may dominate, brain. Many of the principles of neural patterning defined
at spinal levels operate more rostrally (Lumsden andsuch that the expression of Dbx1, regardless of the level
of expression of Dbx2, biases progenitors to a V0 neuron Graham, 1995). It may therefore be worthwhile to assess
whether Shh-independent signaling pathways also con-fate. This idea would explain why retinoids are equally
effective at inducing Dbx1 and Dbx2 but are much better tribute to the generation of ventral neuronal subtypes
within the midbrain and forebrain.at inducing V0 than V1 neurons. Most cells exposed to
retinoids in the absence of Shh or BMP signaling may
coexpress Dbx1 and Dbx2, thus favoring the generation
Experimental Proceduresof V0 neurons. This model could also account for the loss
of V1 neurons in Pax6 mutants, since Dbx2 expression is
Immunohistochemistry
confined within the Dbx1 domain. Why, then, are both Embryos and neural explants were processed as described (Yamada
V0 and V1 neurons generated in Shh mutants, a situation et al., 1993). Most antibodies used have been described (Tsuchida
in which Dbx1 and Dbx2 appear to be expressed within et al., 1994; Ericson et al., 1996, 1997a;). mAb 5E1 was used to
block Shh activity (Ericson et al., 1996). C-terminal peptides ofthe same midline progenitor domain? Within the normal
mouse Dbx1 and Evx1 were coupled to KLH and injected into rabbitsventral domain of Dbx1 and Dbx2 expression, cells that
and mice. A GST-fusion protein containing the homeodomain andexpress Dbx1 contain only low levels of Dbx2 and vice
C-terminal portion of chick Dbx2 (Rangini et al., 1991) was injected
versa. Thus, it is possible that at the ventral midline of into rabbits. Rabbit anti-Dbx1 and anti-Dbx2 sera were affinity puri-
the spinal cord in Shh mutants, individual cells express fied on Affigel-10 (Biorad)-coupled antigen. The anti-Evx1/2 mAb
one or another Dbx protein in a predominant manner, 3A2 detects Evx1 and Evx2 (not shown). FITC- and Cy3-conjugated
secondary antibodies (Jackson Immuno Research) were used. Im-permitting the generation of some V1 neurons as well
ages were collected by confocal microscopy.as V0 neurons.
What accounts for the restriction of both V0 and V1
neuron generation to the ventral Dbx progenitor do- Neural Explant Culture
mains? The ventral restriction of V1 neurons appears to Neural explants were isolated from stage 10 chick embryos (Ham-
burger and Hamilton, 1951) as described (Yamada et al., 1993).be achieved by the repressive activities of Pax3 and
Paraxial (psm) and lateral (lpm) mesoderm from stage 10 quail em-Pax7, since the domain of V1 neuron generation ex-
bryos were isolated caudal to somite 10, and somitic mesodermpands into the dorsal spinal cord in mice lacking Pax3
(som) corresponded to somites 3±6. Explants were cultured in a
and Pax7 function (Mansouri and Gruss, 1998). Thus, collagen gel (Vitrogen) (Yamada et al., 1993) alone or with Rol (Sigma)
Pax3 and Pax7 appear not to control the pattern of Dbx (1 mM), all-trans RA (Sigma) (100 nM), RAR (LG100815), and RXR
expression but rather to confer dorsal identity to Dbx (LG100849) antagonists (1 mM) (Ligand Pharmaceuticals) and Shh-N
(0.05±5nM) (Ericson et al., 1996). Dbx1, Dbx2, and Pax7 expressionprogenitors. The domain of the generation of V0 neu-
was assayed at 20±24 hr and Evx1/2, En1, Lim1/2 at 44±48 hr.rons, however, appears to be unchanged in Pax3, Pax7
BMP7±COS cell supernatant was prepared as described (Liem etmutants (Mansouri and Gruss, 1998), indicating that
al., 1995, 1997).
other factors impose the ventral restriction of this in-
terneuron subtype.
In Situ Hybridization
In situ hybridization (Schaeren-Wiemers and Gerfin-Moser, 1993)A Secondary Requirement for Retinoid Receptor
used mouse dbx2 59 EcoRI cDNA fragment (Shoji et al., 1996) andActivation in V0 Neuron Generation
dbx1 39 UTR fragments (Lu et al., 1994). E10.5 Shh2/2 and Shh1/1
In addition to the role of retinoids in establishing a Dbx mouse embryos were obtained as described (Chiang et al., 1996).
progenitor state, the generation of V0 neurons appears The Pax6 Sey allele (Hill et al., 1991; Ericson et al., 1997a) was
analyzed at E11.5.to be regulated by retinoid signaling at an independent
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RT-PCR Hensen's node is a site of retinoic acid synthesis. Nature 359,
237±241.RT-PCR on neural explants (Tanabe et al., 1995) used 18 cycle
amplification. Chick BMP4, Dsl1 (Liem et al., 1995, 1997), and S17 Itasaki, N., Sharpe, J., Morrison, A., and Krumlauf, R. (1996). Repro-
(Tanabe et al., 1995) primers were used. gramming Hox expression in the vertebrate hindbrain: influence of
paraxial mesoderm and rhombomere transposition. Neuron 16,
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